(TNCuPc) on aluminium in 1 mol/L HCl was investigated by electrochemical techniques. The CuPc and TNCuPc inhibitors were synthesized and confirmed by using X-ray diffraction (XRD), Fourier transform infrared (FTIR), simultaneous thermal analysis (STA, thermogravimetric analysis (TGA)/differential scanning calorimetry (DSC)) and ultraviolet-visible spectroscopy (UV-vis). The XRD, UV-vis and FTIR analyses showed successful formation of CuPc and TNCuPc inhibitors. The thermal stability of CuPc increased upon the introduction of NO2 group in the peripheral position as indicative of the formation of TNCuPc. The potentiodynamic polarization (PDP) curves of aluminium in the corrosive environment of HCl in the presence and absence of CuPc and TNCuPc compounds demonstrated that both cathodic and anodic processes of Al corrosion were suppressed. The Nyquist plots of electrochemical impedance spectroscopy (EIS) expressed mainly as a capacitive loop with different concentrations of CuPc and TNCuPc. The inhibition efficiency of these inhibitors increased with increase in inhibitor concentration, and their inhibition efficiencies in the same concentration decreased in the order of CuPc > TNCuPc according to PDP and EIS results due to a steric hindrance.
INTRODUCTION
Metals and their metallic alloys find extensive use in our daily life and form part of human body system [1, 2] . For example, aluminium (Al) is a light metal, a good electric conductor and has been used in a variety of electronic applications [3] . However, one of the challenging problems in the usage of this metal is the need to protect it from corrosion attack. It has been shown that corrosion attack can be protected by using different methods such as upgrading materials; blending of production fluids, process control and corrosion chemical inhibition [3] [4] [5] . Amongst these methods, the corrosion chemical inhibition is reported to be the best method in the prevention of destruction or degradation of metal surfaces in corrosive media due to economic and practical usage [6] [7] [8] . The search for an efficient corrosion inhibitor is of paramount importance and as a fundamental progressive step in this quest; it has been found that the use of organometallic compounds is one of the most practicable ways of protecting metals from corrosion [9] [10] [11] . This is due to electron systems and the presence of highly electronegative atoms such as O, N, S and P [12, 13] .
Metallophthalocyanines (MPcs) are organometallic complexes with planar molecules with 8 Natoms in a macrocyclic nucleus entailing an extended conjugated 18 electron systems and aromatic rings [14] [15] [16] [17] [18] [19] . Recently, attention has been paid to the use of phthalocyanines as potential corrosion inhibitors for different metals [17] [18] [19] . This is due to their planarity and the size of the molecular volume, their adsorption onto metal surface and enhancement in the surface coverage, thus efficient corrosion inhibition potentials [14] . In addition, MPcs have efficient corrosion inhibition properties because they are cost effective, easily synthesized, thermally stable and chemically noble [14, 18] . Valle-Quitana and co-workers [19] carried out corrosion inhibition studies using CuPc as an inhibitor for 1018 carbon steel in 0.5 M H2SO4. It was found that the CuPc acted as a good corrosion inhibitor for carbon steel, with its efficiency increasing with the concentration. In another study, CuPc was investigated as an effective inhibitor for high strength low allow (HSLA) steel in 16% HCl [20] . A number of literature reports indicated that corrosion studies of Al employing organic substances are performed in acidic and basic media [21] [22] [23] [24] . However, solubility and aggregation are other important properties that can also affect the adsorption and corrosion inhibition properties of MPcs on metals [14, 19, 25] . MPcs solubility in different solvents mainly depends on the substituent groups or coordinated ligand [26] . It has been reported that inhibitors that are completely soluble in the medium of interest exhibit higher inhibition efficiency [14, 26] .
In this study, we intend to exploit a new aspect associated with the corrosion protection efficiency by introducing the nitro groups on the peripheral position of the CuPc, which we hypothesized to significantly enhance the adsorption capacity of the inhibitor on the aluminium metal. The chemical structures of phthalocyanines containing Cu and N are shown in Scheme 1. To the best of our knowledge, the use of CuPc and 4-tetranitro copper(II)phthalocyanine (TNCuPc) as corrosion inhibitors for Al metal sheet in HCl environment has not reported to date. The corrosion inhibition behavior of CuPc and TNCuPc inhibitors for Al metal in 1 M HCl solution was investigated by potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) techniques as part of our contribution in the quest for an inhibitor which does not only possess good inhibitive efficiency but also eco-friendly and can be synthesized with ease.
EXPERIMENTAL SECTION

Materials
Copper nitrate trihydrate (Cu(NO3)2.3H2O), trimesic acid, 1,3,5-benzenetricarboxylic acid (H3BTC) and tetrabutylammonium percholate (TBAP) were purchased from Sigma Aldrich, South Africa. Phthalimide, 32% hydrochloric acid (HCl), methanol, nitrobenzene, ethanol, nitric acid (HNO3) and sulphuric acid (H2SO4) were purchased from Rochelle Chemicals. Ammonium heptamolybdate ((NH4)6Mo7O24) and urea (CH4N2O) were purchased from uniLAB.
Methods
Synthesis of Phthalocyaninatocopper(II) and 4-tetranitro(phthalocyaninato)copper(II)
Phthalocyaninatocopper(II)(CuPc) used as corrosion inhibitor was synthesized by modifying the procedure described by Arici et al. [27] . Under a blanket of nitrogen, a mixture of phthalimide (3.00 g, 0.0204 mol) in the presence of excess urea (3.00 g, 0.0500 mol), ammonium heptamolybdate (0.0800g, 0.0687 mmol) and copper nitrate (1.40 g, 0.0058 mol) in nitrobenzene (15.00 mL) was refluxed at 180°C for 5 hours with constant stirring. For purification, the product was finely ground and washed with ethanol three times. Ultraviolet-visible (UV-vis) (H2SO4): λmax (log ε); 790 nm (5. Synthesis and purification of 4-tetranitro(phthalocyaninato)copper(II) (TNCuPc) was done as outlined for CuPc, whereby 4-nitrophthalimide was used instead of phthalimide according to the reported method for preparation of phthalocyanine inhibitor [28] aiming to achieve improved corrosion inhibition efficiency towards aluminium metal. Briefly, Scheme 1. a mixture of 4-nitrophthalimide (3.00 g, 0.0156 mol) in the presence of excess urea (3.00 g, 0.0500 mol), ammonium heptamolybdate (0.0800g, 0.0687 mmol) and copper nitrate (1.40 g, 0.0058 mol) in nitrobenzene (15. 
Scheme
1.
Preparation of phthalocyaninatocopper(II) (R=H) and 4-tetranitro(phthalocyaninato)copper(II) (R=NO2) on Al sheet.
Characterization Techniques
The UV-vis spectra were obtained at room temperature in the wavelength region 200-900 nm employing a Varian Cary 300 UV-vis-NIR spectrophotometer. The X-ray diffraction (XRD Phillips PW 1830, CuKα radiation, λ = 1.5406 Å) was used to obtain the structure of the synthesized inhibitors. The successful synthesis of inhibitors was confirmed using the Spectrum II FTIR spectrometer (PerkinElmer). The spectra were recorded at room temperature in the wavenumber ranging between 450 and 4000 cm -1 at a minimum of 32 scans and a resolution of 4 cm -1 . The thermal stability of the CuPc and TNCuPc inhibitors was investigated using simultaneous thermal analysis (STA, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)) (Perkin Elmer 6000). The weight of the samples ranged between 1 to 4 mg. The samples were heated from 30-500 °C at a heating rate of 20 °C.min -1 under N2 environment.
Electrochemical Measurements
Electrochemical measurements were achieved using Bio-Logic SP150 potentiostat working station which employed a three electrode cell namely, Ag/AgCl reference electrode (RE), platinum counter lectrode (CE) and Al metal (1 cm 2 ) working electrode (WE) in the presence and absence of corrosion inhibitor concentrations. Potentiodynamic polarization studies were done at the scanning range between -0.250 and +0.250 mV at 1.0 mV/s constant sweep rate on the open circuit potential. The anodic and cathodic polarization curves were obtained when stabilization was accomplished after the WE was immersed in the test solution for 30 min. EIS measurements were done using 100 kHz to 10 MHz frequency range with 10 mV peak to peak, using AC signal at corrosion potential, Ecorr. From EIS analysis, the values of the double layer capacitance, Cdl, and the charge transfer resistance, Rct, were obtained. Furthermore, the anodic Tafel slope (ba), the cathodic Tafel slope (bc) as well as the corrosion current density (icorr) were determined from the Tafel extrapolation method. Moreover, the percentage inhibition efficiency (%IE) were calculated with the help of the (Eq. 1) [29] : (1) where and represent corrosion current density in absence (no protection) and the presence of inhibitors, respectively.
RESULTS AND DISCUSSION
Structural Properties
The XRD patterns of CuPc and TNCuPc inhibitors are presented in Fig. 1(a) . The patterns of CuPc are similar to the one reported by Zongo et al. [30] , suggesting a cubic structure of phthalocyanine. Moreover, a number of sharp diffraction peaks appearing at 2Ɵ = 5.7, 6.9 and 9.1° corresponding to miler indices (100), (110) and (111), respectively, are observed. These sharp peaks indicate highly crystalline structure [27, 31] . However, the diffraction peaks of TNCuPc possessed a decrease and
broadening patterns at 2Ɵ = 13.0, 14.5 and 27.2°. This behaviour suggests a large crystal size of the CuPc upon introduction of the nitro groups at the periphery with amorphous character [30, 32, 33] .
As demonstrated in Fig. 1(b) , the successful synthesis of CuPc and TNCuPc inhibitors was further confirmed with FTIR in the region between 400-4500 cm -1 . The peaks observed at ~3283 and 1720 cm -1 correspond to the N-H and C=O vibrations of the phthalimide, respectively [33] . Interestingly, these vibrations disappeared after conversion into both CuPc and TNCuPc, indicating the successful synthesis of metallophthalocyanine [34] . The vibrational peaks observed between 700 and 1000 cm CuPc are attributed to the symmetric C-H stretching in the ring and in the alkyl group, respectively [27] . The peak around 1609 cm -1 is due to C=C deformation of macro cycle ring in pyrrole and at around 1506 cm -1 is due to the C=N stretching. For isoindole, C-C stretching appeared at 1428 and 1332 cm -1 . At around 909, 882 and 728 cm -1 is the appearance of the C-H bending. However, the peaks at around 1284, 1162 and 1070 cm -1 are associated with C-N stretching in isoindole, C-N in plane bending, and C-H in plane bending, respectively [27, 30, 32, 33] . TNCuPc also showed strongest peaks of NO2 group at 1334 and 1525 cm -1 on the phthalocyanine ring [32] . the weight loss is observed and due to the evaporation of water [36] . The TGA curves of CuPc shows three degradation steps between 180 and 294 and 330 as well as 400 ºC, corresponding to the loss of benzimidazole moiety of the macromolecule and the oxidative degradation of phthalocyanine moiety, respectively [37] . As presented in Fig. 1(d) , these peaks are also observable as melting transitions in the DSC curves. It is interesting to note that the introduction of NO2 groups on the periphery of the CuPc improved the thermal stability of the TNCuPc inhibitor. The high thermal stability may be due to the stabilizing effect of NO2 associated with the electron density acting onto the structure and blocking of Cu diffusion typically for Pcs [38] . A single degradation step is also observed at around 400 o C, which corresponds to the oxidative degradation of TNCuPc Zhang and others.. A single endothermic peak corresponding to the peak on the TGA is also noticeable in DSC curve of the TNCuPc. [27] . These bands arise from transitions and this can be inferred from the four frontier orbitals (HOMO and LUMO orbitals) [35] . Furthermore, two splitting absorption bands are observed around 630 and 710 nm, which is likely due to the vibronic coupling in the excited state [35] . As shown in Fig. 2(b) , the BeerLambert's law was obeyed for the compound containing concentrations ranging from 0 to 5 ppm. The absorptivity coefficient of CuPc from Beer's law was found to be logε of 5.11 at 790 nm corresponding to the reported one [27] . On the other hand, the TNCuPc possessed the split absorbance with logε of 4.67 and 4.65 at 763 and 739 nm, respectively. These log ε values also show that there are a number of    molecules interacting with light which will enhance the inhibition efficiency of the inhibitor on the aluminium metal [42] . Fig. 3 presents polarization curves for aluminium metal in the absence and presence of different concentrations of CuPc and TNCuPc inhibitors in 1 M HCl studied at room temperature and PDP parameters are listed in Table 1 . It can be seen from the figure that the polarization curves are shifted towards lower corrosion current density regions upon the addition of various inhibitors relative to the blank solution (uninhibited). This behavior indicates the formation of protective film of the inhibitors on the Al metal surface and reduction in the rate of anodic dissolution of the metal [14] . The similarity in the polarization behavior of both CuPc and TNCuPc inhibitors indicates a similar inhibition mechanism. It was also noticeable that the addition of CuPc (Fig. 3(a) ) and TNCuPc (Fig. 3 (b) ) inhibitors did not affect to any significant degree neither the corr nor the corr values. However, they increased the passive current density (ipas) and passivation potential (Epas). As a result, the corr value for the uninhibited solution was −535.6 mV, and with the addition of inhibitors this value was around −498.7 and -515.2 mV for CuPc and TNCuPc, respectively at 40 ppm. The corr slightly decreased from 1.94 down to 0.091 and 0.26 mA/cm 2 , 40 ppm CuPc and TNCuPc, respectively, and the lowest value obtained was brought about by the addition of 80 ppm in both inhibitors. The difference of greater than 85 mV between the corrosion potential values of the blank and the inhibited solutions suggest either an anodic of cathodic inhibitor type while that of less than 85 mV signifies a mixed-type [43, 44] . On the other hand, pas value for the blank solution was 465.4 mV. Nonetheless, the value decreased when both CuPc and TNCuPc inhibitors were introduced obtaining the lowest values of -321.8 and -333.9 mV, respectively at 80 ppm. Correspondingly, the pas value of the blank is 4.68 mA/cm 2 . Upon addition of CuPc and TNCuPc inhibitors, the pas decreased by increasing the concentration of the inhibitor obtaining the lowest values of 1.74 and 2.25 mA/cm 2 at 80 ppm. From these observations, it could be concluded that the addition of phthalocyanine inhibitors decreased the corrosion rate of Al metal in acidic medium by improving the passive film properties. It can be seen in Table 1 that ba and bc values change with the concentration of CuPc and TNCuPc inhibitors. The change in Tafel slope values in both inhibited and uninhibited solution can be used to identify the inhibition mechanism (anodic, cathodic or mixed-type) for aluminium metal, the concentration of the electrolyte, the composition of the working electrode, charge transfer coefficient as well as the scanning rate [45] . In another study [46] , the change in ba value for mild steel in acidic medium at different concentrations of caffeic acid inhibitor was reported. The authors attributed the change in ba values to the possible occurrence of the redox complexation process, which involved ferrous and ferric complexes of the inhibitor, which was also affected by the concentration of the inhibitor and the pH of the medium. In our study, the overall magnitude of the difference between anodic and cathodic Tafel slope values in comparison to the blank system showed that the inhibition potential of the studied CuPc and TNCuPc inhibitors are cathodic-dominating since the changes in cathodic Tafel slope values are more significant than the anodic Tafel slope values [47, 48] . Furthermore, it can be seen that both CuPc and TNCuPc can act as effective inhibitors in 1 M HCl for aluminium and the inhibition efficiency decreases in the order of CuPc > TNCuPc at the 40 ppm concentration, as 95.3, and 86%, respectively. The highest 98% inhibition efficiency of CuPc at 80 ppm indicates an excellent inhibition. The increase in %IE with increase concentration suggests that the inhibitors are adsorbed onto to the surface of the Al metal surface [49] . 
Electrochemical Analysis
Potentiodynamic Polarization (PDP)
Electrochemical impedance spectroscopy (EIS)
The most essential information obtained from the EIS measurements is insight about the metal corrosion behaviour against time of the metal and inhibitors. The impedance spectra of aluminium metal in 1 M HCl in the presence and absence of various concentrations of CuPc and TNCuPc are presented as Nyquist plots. The Nyquist plots are characterized by the capacitive loop related to the charge transfer process and double layer capacitance (Cdl) [50] . As presented in Fig. 4 , a capacitive like-loop which varies with different inhibitors, and the mechanism of the corrosion inhibition process can be determined. A considerable increase in the total impedance was noticeable upon the addition of both CuPc and TNCuPc inhibitors. In the presence of CuPc, the semicircle of the uninhibited system has a lower diameter as compared to the inhibited system, and the least inhibitor concentration (40 ppm) shows the least diameter as compared to the highest inhibitor concentration (80 ppm). The increase in inductive loop appeared with the addition of 80 ppm CuPc in acid solution, which shows the reaction of double electric layer at the interface between the acid and the electrolyte [14] . This observation is due to the formation of the adsorption film on the aluminium metal surface as well as the charge transfer. In addition, the larger semicircle diameter size indicates that the more of CuPc present in the corrosive medium results in the more rate of the formation of the adsorption film on the metal which also plays a huge role in higher inhibition efficiency values. Similar behaviour was observed in the case of TNCuPc inhibitor. However, the capacitive like-loop for TNCuPc was smaller than the one of CuPc. This behaviour may be attributed to the difference in the solubility of these two unsubstituted CuPc and nitro substituted CuPc and the steric hindrance provided by the presence of NO2. This will result in an unstable system and induce complex electrochemical behavior. Table 2 . The inhibition efficiency (%IEEIS) was computed from the charge transfer resistance using the (Eq. 2) below:
where ′ ct and are the charge transfer resistance of aluminium metal in the absence and presence of the inhibitor, respectively. Table 2 clearly demonstrates that the increase of Rct values with increase in inhibitor concentration. The trend signifies that the surface coverage on aluminium metal by inhibitors increases due to the increased number of inhibitor molecules in the corrosive medium [51] . An increase in the value of Rct results in increase in the %IE values. From the data in Table 2 , it is observed that the Rs values between the working electrode and counter electrode are smaller compared to the values of Rct. Furthermore, the Rs increased with increase in the concentration of CuPc and TNCuPc inhibitors, suggesting the formation of insulated adsorption layer on the surface of an aluminium metal [14] . The Cdl values decreased at 40 ppm CuPc and TNCuPc inhibitors indicating a reduction in a local dielectric constant [20] between the metal and electrolyte induced by the adsorption of inhibitors. The descent order of %IEEIS value is as TNCuPc > CuPc at different inhibitor concentration and is consistent with the %IEPDP results obtained by the PDP measurements. 
CONCLUSIONS
Phthalocyaninatocopper(II) and 4-tetranitro(phthalocyaninato)copper(II) inhibitors were successfully synthesized and confirmed by XRD, FTIR, TGA, DSC and UV-vis techniques. The crystallinity of the TNCuPc was affected by the introduction of the nitro groups compared to the unsubstituted CuPc, which resulted in an amorphous structure. The thermal stability of the CuPc was improved upon introduction of NO2 groups on the peripherial position. The corrosion behavior of the CuPc and TNCuPc inhibitors for aluminium metal in 1 M HCl was investigated using PDP and EIS techniques. The passivation film formed on the Al metal surface was observed in both CuPc and TNCuPc by obtaining a decrease in the passivation current density and passivation potential values. The percentage of inhibition efficiency decreased with introduction of NO2 group at peripheral position of the CuPc inhibitor due to steric hindrance. Nyquist data displayed a single capacitive and depressed loop in both CuPc and TNCuPc inhibitors indicating that the corrosion process was under the charge transfer control. It is explored and proven in this contribution that phthalocyaninatocopper(II) and its 4-tetranitro substituted counterpart can carry tremendous potential for industrial usage as corrosion inhibitors for metals.
